Purpose: To determine whether a localized low-attenuation (LLA) is induced on a thinsection CT (TSCT) during an acute pulmonary arterial occlusion in pigs. Materials and Methods: In eight pigs, 14 sites of the descending pulmonary artery were obstructed using balloon catheters. The lung TSCTs were obtained immediately after pulmonary artery obstruction (n=13), 10 min (n=10), 30 min (n=14) and 60 min (n=14) after pulmonary artery obstruction at the end of expiration. The TSCTs were also obtained after balloon-deflation at the end of expiration (n=11) and with the balloon-reinflation at inspiration (n=6). Results: Of the 14 sites of pulmonary artery obstruction, 11 (79%) showed LLA. However, LLA progressively became fainter or disappeared on a follow-up CT in seven sites. When the balloon was deflated, 10 of the 11 sites measured showed no change in lung attenuation. After full inspiration, LLA disappeared in three of the six sites. The corresponding areas of LLA on the CT showed a statistically significant increase compared to the baseline CT immediately after inflation (p = 0.021) and 30 minutes after inflation (p =0.041), and after balloon deflation (p =0.036). Conclusion: LLA was induced by acute pulmonary artery obstruction. However, LLA, gradually faded over the 60 minutes following obstruction. LLAs were maintained despite the restoration of pulmonary arterial flow, but disappeared as a result of a full inspiration. Thus, LLA might be caused by air trapping.
The term "mosaic oligemia" was first used to describe the characteristic appearance of a chronic pulmonary embolism on chest radiographs (1) and CT scans (2) . This finding was thought to be attributed to decreased perfusion distal to the obstructed pulmonary artery and a relative increase in the perfusion of the surrounding normal lung parenchyma (2 4) .
However, mosaic patterns of lung attenuation on CT scans have also been described in various small-airway diseases (5 9) . The proposed mechanisms for the development of mosaic patterns in patients with small-airway disease are; (a) air trapping caused by collateral air drifting into the alveoli beyond the narrowed or obstructed bronchiole, and (b) reflex vasoconstriction and redistribution of blood flow away from these areas (10, 11) .
Previously, we conducted two experimental studies in pigs to investigate whether localized low-attenuation (LLA) appears on thin-section CT scans (10, 12) . In the first study (10) , we induced the obstruction of peripheral small branches of the pulmonary artery and obtained serial thin-section CT scans from one day to 28 days after obstruction, which could simulate a subacute pulmonary embolism. In the second study (12) , we induced the obstruction of the proximal pulmonary artery and conducted serial thin-section CT scans from one week to 12 weeks, which could simulate a chronic pulmonary embolism. In these studies, LLA was not visible on a thin-section CT scans in subacute and chronic stages of pulmonary artery obstruction despite the decreased blood flow, as evidenced by the decreased diameter of the pulmonary artery distal to obstruction.
LLA is occasionally encountered in patients in an acute stage pulmonary embolism. However, the mechanism of LLA for acute pulmonary embolisms has been a subject of debate. Several investigators (13) have asserted that this phenomenon is caused by a local decrease in pulmonary artery perfusion, whilst others (14 17) have suggested a causal relationship between the constriction of small airways and acute pulmonary embolism.
The purpose of this study was to investigate whether LLA is induced on a thin-section CT during the acute stage of a proximal pulmonary arterial occlusion in pigs, and to explain the possible causes of its development.
Materials and Methods

Selection of Animals
Human lungs have a relatively thick pleura and welldeveloped interlobular septa, features which are shared with horses, sheep and pigs. Because of this anatomic similarity and their relative ease in terms of handling, we chose pigs as an experimental model. A total of eleven 10 to 12 week old Yorkshire pigs (15 20 kg) were used as experimental animals. This study was performed according to a protocol approved by the animal care and use committee at our hospital, which fully conformed to the guidelines issued by the National Institute of Health for the care of laboratory animals.
Animal Preparation
The pigs were fasted for six hours before anesthesia and were administered atropine (Daehan Atropine; Daehan Pharmaceutical, Seoul, Korea) (0.5 mg) intramuscularly just before anesthesia. Anesthesia was induced by an intramuscular injection of ketamine hydrochloride (Ketalar; Yuhan Yanghang, Seoul, Korea) (10 mg/kg) and xylazine hydrochloride (Rompun; Bayer Korea, Seoul, Korea) (4 mg/kg). Moreover, anesthesia was maintained by an intravenous injection of 0.2 ml/kg of tiletamine-zolazepam (Zoletil; Virvac, Carros, France). The animals were incubated with an endotracheal tube with a 6.5 mm interior diameter after being paralyzed with an intravenous injection of 1 mg/kg of succinylcholine chloride (Quelin; Abbott Laboratories, Chicago, U.S.A.). The pigs were ventilated with a Mapelson Dtype anesthesia breathing system fitted with a pressure release valve (Ohio Medical, Madison, U.S.A.). A positive airway pressure of 15 20 cm of water was applied.
Induction of Pulmonary Artery Obstruction
After exposing the external jugular vein, we introduced a 7.5 French (F) vascular sheath into the vein. A 7 F angioplasty balloon catheter (Olbert; Meditec, Boston, U.S.A.) was then placed through the sheath and manipulated selectively into the descending pulmonary artery. Intermittent intravenous injections of 300 mg of Ultravist (Iopromide; Schering, Germany) were administered during arterial selection. The diameter and length of balloon in the angioplasty catheter was 0.8 and 3.0 cm, respectively. The balloon was placed in the proximal descending pulmonary artery and inflated to occlude the selected artery. The complete obstruction of the descending pulmonary artery by the inflated balloon was confirmed by selective pulmonary arteriography through the angioplasty balloon catheter. The pulmonary artery was obstructed unilaterally in eight pigs and bilaterally in three pigs for a total of 14 sites of obstruction. Nine sites were in the left lung, and five sites were in the right. The level of the obstruction was 53 80 mm below the carina (mean 65 mm).
Thin-Section CT
As a control for each pig, we obtained CT scans with 5 mm collimations at 10 mm intervals through the thorax, and thin-section CT scans with 1 mm collimations at 5 mm intervals below the carina, before inducing the pulmonary artery obstructions. This study comprised thinsection CTs at seven time intervals as follows: baseline, immediately after pulmonary arterial obstruction, 10 min, 30 min, and 60 min after pulmonary arterial obstruction, as well as after balloon deflation, and after full inspiration with balloon reinflation. After the onset of a pulmonary artery obstruction, thin-section CT scans with 1 mm collimation at 5 mm intervals below the level of pulmonary artery obstruction were obtained immediately at the time of pulmonary arterial obstruction (n=13), at 10 min (n=10), 30 min (n=14), and 60 min (n=14) after pulmonary arterial obstruction. After completing the 60 minute-delay CT scans, the balloon was deflated and thin-section CT scans were obtained (n=11). Following the deflation study, the balloon was re-inflated and thin-section CT scans were taken during full inspiration (n=6). The full inspiratory state was induced by manually pumping air into an endotracheal tube and then clamping the tube with an air bag resuscitator (Ambu Medibag; Ambu, Copenhagen, Denmark).
Thin-section high-resolution CT scans were obtained on a HiSpeed system (GE Medical Systems, Milwaukee, WI, U.S.A.). All pigs were placed in the supine position and immobilized on a U-shaped headrest. The supine position was preferred because of its similarity with most human clinical examinations. The scanning parameters were 140 kVp and 170 mA with a 1 sec rotating time. Scans were reconstructed using a high-spatial-frequency (bone) algorithm. The field of view was 17 22 cm, with a 512 512 matrix. Both mediastinal (width, 400 H; level, 20 H) and lung window (width, 1500 H; level, 700 H) images were taken. All scans except the full inspiration study were taken during suspended respiration at the resting end expiration (functional residual capacity).
Analysis of CT Images
The location of the balloon was identified using softtissue window images. On lung window images, three readers (H.J.L., J.G.I., and J.H.K.) visually assessed the presence of LLA of the lung distal to the balloon by consensus. Upon a follow-up CT, the interval change of the already visualized LLA area and any newly developed change in lung attenuation were assessed. The presence 245 A B Fig. 1 . Measurement of the areas of localized low-attenuation on representative CT sections and corresponding areas on other CT sections. A. A thin-section CT scan of a pig (no.
3) 30 min after the induction of left descending pulmonary arterial obstruction shows sharply demarcated localized low-attenuation distal to the obstruction. We selected this image as a representative section because it showed the most distinctly localized low-attenuation. We manually delineated the boundary of localized low-attenuation on the CT image by referring to anatomical landmarks including pulmonary vessels (thin arrows), segmental bronchi (thick arrows) and fissures. The computer program calculated the area within the boundary. The inflated balloon (open arrow) is seen within the branch of the left descending pulmonary artery. B. A CT scan taken at the same level as A, immediately after obstruction demonstrated that the localized low-attenuation appears more faintly than in A. We manually delineated the boundary of the corresponding area surrounded by the same anatomical landmarks as A. The inflated balloon (arrow) is shown within a branch of the left descending pulmonary artery.
of atelectasis, consolidation and ground-glass opacity was also evaluated.
In the cases of visible LLA, we selected a representative time point and a representative CT section. The representative time point for each animal was defined as the moment in which showed the most distinct LLA among the seven time intervals. The representative CT section was defined as the section that showed the most distinct LLA among all CT sections of the representative moment in time. First, we manually drew the boundary of the LLA by referring to the anatomical landmarks including pulmonary vessels, interlobar fissures, interlobular septa, and segmental bronchi on a representative CT section. Second, at the same anatomical level of CT for the remaining time points, the boundary of the lung was manually drawn and surrounded by the same anatomical landmark used on a representative CT section ( Fig. 1) . Next, we calculated the areas inside the boundary on CT images using a computer program (UTHSCSA Image Tool for Windows, version 2.0; University of Texas Health Science Center, San Antonio, U.S.A.). The Wilcoxon signed rank test was used to determine statistically significant changes in these calculated areas at each time point versus the baseline CT scans. A p-value of less than 0.05 was considered as statistically significant.
The areas of the segmental pulmonary artery and the accompanying bronchus 1 cm below the level of the arterial occlusion were measured on serial CT images. A Wilcoxon signed rank test was used to determine the statistical significance of the area changes of the pulmonary artery and of the accompanying bronchus at each time point compared to the baseline CT scans. A pvalue below 0.05 was considered a statistically signifi-246 Notes.-LLA = localized low-attenuation, GGO = ground-glass opacity, R = right, L = left, NIC = no interval change, NP = CT scan not performed.
cant difference.
CT attenuation values were measured 1 cm below the level of occlusion, whilst avoiding the overlapping of pulmonary vessels in the lung supplied by the occluded pulmonary artery. Furthermore, the ipsilateral normal lung was supplied by non-occluded pulmonary artery and the normal lung was supplied by the contralateral side. We used a region-of-interest cursor ranging from 3 to 10 mm in diameter. In each area, the CT attenuation value was measured twice followed by the calculation of the mean. The mean values the standard deviations (SD) of CT attenuation for three areas were calculated. The significance of the CT attenuation difference between the areas supplied by the occluded pulmonary artery and the ipsilateral normal lung area was evaluated using the Wilcoxon signed rank test. Similarly, the difference between the area supplied by the occluded pulmonary artery and the contralateral normal lung was evaluated in the same way. A p-value below 0.05 was considered to be statistically significant.
Results
Thin-Section CT Findings
Thin-section CT findings at each time interval of the protocol are summarized in Table 1 . The CT scans taken at the levels distal to the balloon occlusion showed newly appearing LLA after balloon occlusion in four of the 14 sites: three sites (21%) immediately after the occlusion (Fig. 2) and one site (7%) 30 minutes after the occlusion. Of the four sites with newly generated LLA, two disappeared at 30 and 60 min after occlusion (Fig. 2) , respectively. For the two remaining sites, LLA became fainter at 60 min after occlusion.
For the baseline CT scans obtained with the catheter in the pulmonary artery, but without balloon inflation, showed faint LLA in seven sites. Of these seven sites, three became more distinct after balloon inflation, immediately after (n=1), 30 min after occlusion (n=1) (Fig.  3) , and 60 min after occlusion (n=1), either with (n=1) (Fig. 3) or without (n=2) expansion of the LLA. In two of the seven sites, LLA was associated with adjacent focal atelectasis, which became faint 10 min or 60 min after occlusion, respectively. In one site, the faint LLA became fainter 60 min after occlusion and disappeared after balloon deflation. In the one remaining site, LLA was associated with adjacent focal consolidation, which only showed a visible change during the inspiration study.
In 10 of the 11 pigs on which a lung deflation study was performed, no visible attenuation change was observed after balloon deflation compared to images taken 60 min after balloon inflation, which were taken just prior to the beginning of the deflation study (Fig. 3) . One faint LLA at 60 min after occlusion disappeared at the balloon deflation study. Of the six pigs on which an inspiration study was performed, LLA disappeared after lung inspiration in three pigs (Fig. 4) . Of the remaining three pigs, two did not show LLA at any time intervals, whereas one demonstrated that LLA disappeared before the inspiration study. 
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Sequential Changes in the Size of the Localized Low Attenuation
The calculated sizes of the LLAs on a representative CT section and on its corresponding areas on other time points are presented in Table 2 . On a representative section, defined as the section that showed the most distinct LLA, the size of the LLA was the larger than in other serial CT examinations. Immediately after pulmonary arterial obstruction (p = 0.021), and at 30 min (p =0.041) after balloon inflation, and after balloon deflation (p =0.036),
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A B C D Fig. 2 . A thin-section CT scan with a left descending pulmonary arterial obstruction in pig No.9. A. A baseline CT scan with a lung window setting (window width, 1500 H; window level, 700 H) shows no apparent localized low-attenuation in the lung. Ground-glass opacities are noted in the left lung (arrows) B. A CT scan immediately after the induction of the left descending pulmonary arterial obstruction shows a sharply demarcated localized low-attenuation (arrow) distal to the obstruction. C. On a CT scan obtained 30 min after obstruction; localized low-attenuation (arrow) is fainter than what was seen in B. D. On a CT scan obtained 60 min after obstruction; the localized low-attenuation disappeared. Ground-glass opacities are present in the left lung (arrows). After the balloon deflation, no apparent change in lung attenuation was observed compared to the 60 min scan (not shown). A baseline thin-section CT scan with a lung window setting (window width, 1500 H; window level, 700 H) shows localized low-attenuation, suggesting a secondary pulmonary lobule, in the left lung (thin arrows). A deflated balloon is located within a branch of the left descending pulmonary artery (arrowhead). C. A CT scan immediately after arterial occlusion shows newly appeared localized low-attenuation distal to the obstruction adjacent to the aorta (arrows). D. A CT scan taken 30 min after obstruction shows an enlarged area of sharply demarcated localized low-attenuation distal to the obstruction (thin arrows). The volume of the low-attenuation area is larger than in the scan before balloon inflation (B) and anteriorly displaced interlobular septa outlining the localized low-attenuation (thick arrows), compared to B, suggesting that air trapping is the cause of the localized low-attenuation. E. A thin-section CT scan taken 60 min after obstruction found that the localized low-attenuation is fainter than what was observed in D. F. A thin-section CT scan obtained after balloon deflation shows no apparent change in the extent of the localized low-attenuation compared to E. The inflated balloon is noted within a branch of the left descending pulmonary artery (arrowheads) (C-F).
the areas of LLA on the CT scan showed a statistically significant increase compared to the baseline CT scan.
Sequential Changes of the Area of the Pulmonary Artery and Bronchus
The cross-sectional areas of the segmental pulmonary artery and the accompanying bronchus were measured as being 1 cm below the occlusion level (Tables 3, 4) . Immediately after pulmonary arterial obstruction (p = 0.021), at 30 min (p =0.006) and 60 min (p =0.022) after balloon inflation, the areas of the pulmonary artery on the CT scan showed statistically significant decreases versus the baseline CT scan. No statistically significant changes were observed for the areas of the accompanying bronchus for all the time intervals.
Changes in CT Attenuation Values
The mean attenuation values and standard deviations of the CT attenuation in; areas distal to the pulmonary artery occlusion, in the ipsilateral normal lung and in the contralateral normal lung, measured 1 cm below the level of occlusion are presented in Table 5 . The CT attenuation values of the lung, distal to the pulmonary artery occlusion, were significantly lower than those in the contralateral normal lung at baseline (p = 0.035), and at 10 min (p = 0.037), 30 min (p = 0.004), and 60 min after balloon inflation (p = 0.004). It was also lower after the deflation of the balloon (p = 0.024). The CT attenuation 250 L  03  03  03  03  03  03  N P  04  R  08  06  06  08  08  08  N P  05  L  04  04  04  04  04  04  06  06  R  18  20  18  18  19  NP  29  07  L  12  12  13  09  09  N P  2 0  08  L  1 2  05  05  08  09  N P  1 5  09  L  35  26  33  33  33  33  NP  09  R  06  N P  07  7  06  06  07  10  L  10  10  10  10  10  10  09  11  L  27  27  27  27  27  28 
Discussion
In the present study, we were able to demonstrate the occurrence of LLA with a proximal pulmonary artery obstruction using an angioplasty balloon catheter. Immediately after the balloon occlusion. A total of four sites showed newly formed LLA, which disappeared or had become faint on follow-up scans. A total of 10 of 11 pigs for which the deflation study was performed, showed no visible change in lung attenuation after deflation versus images obtained just prior to the indicated time intervals (Fig. 3) . In three of the six pigs selected for the inspiration study, LLA remained until just prior to the inspiration study followed by the disappearance of the remaining LLA on a full inspiration (Fig. 4) .
Our study suggests that the LLA, which is distal to the balloon occlusion, is a transient phenomenon caused by air trapping, probably due to bronchiolar constriction. Findings supporting bronchiolar constriction and airtrapping are as follows: (a) LLA on expiratory CT scans disappeared on full inspiration, (b) LLA showed increasing conspicuity and increasing size after pulmonary arterial occlusion (Fig. 3) , (c) the transient deflation of the balloon, which normalized the pulmonary arterial blood flow ,did not influence lung attenuation.
The causal relationship between an acute pulmonary embolism and constriction of the small airways, which supports our hypothesis, has been documented by experimental (14) and clinical studies (15 17) . Grossman et al. (14) conducted an experiment using mongrel dogs to identify the reduced attenuation distal to a pulmonary artery obstruction induced using 5 or 7 F Swan-Ganz balloon catheters. For the 10 mm collimated CT, they found the development of low attenuation distal to the pulmonary artery obstruction in all 17 dogs, from 1 min to 9 h after a pulmonary artery occlusion. Lung attenuation returned to normal from 5 to 90 sec after deflation of the balloon. Although the CT scanner resolution was limited and the interlobular septa are poorly developed in dogs, the volume expansion was noted in a low-attenuation area distal to the pulmonary artery obstruction (Fig. 2) (14) . We believe that these results suggest that the LLA area in acute pulmonary artery obstruction was produced, at least in part, by air trapping by bronchiolar constriction rather than reduced pulmonary arterial blood flow per se.
Bronchospasms in patients with acute pulmonary embolisms have been demonstrated in many studies, which used ventilation radioisotope scanning as an imaging modality (15 19) . Bronchospasms, which were detected as a matched defect on ventilation-perfusion scintigrams (18) , is considered an important cause of the false-negative results since the combined ventilationperfusion lung scintigraphy has been used to diagnose acute pulmonary embolisms. Alderson et al. (15) conducted an experiment in dogs to investigate whether an airway obstruction (a Xe-133 ventilation scan-detectable abnormality), was induced by pulmonary emboli. In this study, fresh autologous thrombi were released into the lung to simulate a pulmonary embolism. Moreover, the Xe-133 ventilation defects were found in 9.0% of the 252 animals and in 1.5% of emboli during the post-embolic period. These results also demonstrated that ventilation defects are associated with large proximal clots, which obstruct vessels ranging in diameter from 6 8 mm, and that smaller clots are not associated with ventilation abnormalities. Other researchers found that bronchoconstriction occurs following the deposition of autologous pulmonary thromboemboli (20, 21) or following the occlusion of pulmonary vessels by balloons or other foreign-objects in dogs (22) . These studies demonstrated that the phenomenon occurs immediately upon the occlusion of the vessel, but that it is transient, and persists no longer than 6 8 h. Although we did not investigate the correlation between the CT images and the ventilation radioisotope scans in the current study, our results hold many similarities with these previous studies. Moreover, considering that these cited previous studies that used ventilation radioisotope scanning, the absence of LLA after a distal pulmonary arterial occlusion in our previous study (10) could be attributed to the use of a smaller obstructing material and the transient nature of the induced bronchoconstriction. Several studies have examined the pulmonary parenchymal changes identified by CT, in patients with acute pulmonary thromboembolism (23, 24) . In these reports, LLA was seen on CT in 12% (23), or 3% (24) of patients with acute pulmonary thromboembolisms. Compared with these reports, the incidence of LLA in the current study is very high (11 of 14 sites). The causes of this difference are speculated to be; (a) the detection of LLA was more sensitive in our study because we scanned with a 1 mm collimated CT, (b) the CT scan was performed approximately one hour after the pulmonary arterial occlusion for the current study, but a CT scan was performed several days after the clinical presentation in the patient studies, and (c) we performed an experimental study in pigs and previous reports were obtained in humans.
In the current study, the appearance of small LLAs, usually a territory of one or two secondary lobules, observed on the baseline CT before balloon inflation, needs to be explained. We believe that these small LLAs, which showed an increased extent on images obtained after balloon occlusion, which might be caused by the wedging of the catheter tip, hence resulting in a distal pulmonary arterial occlusion (Figs. 3, 4) .
We investigated only a small number of animals, thus we cannot exclude a type II error in the statistics. To support our findings, respiratory dynamic thin-section CT in a larger series experimental animal study would be necessary. A correlation between the LLA on a thinsection of CT and defects on VP radioisotope scans in a model of acute pulmonary artery obstruction could also provide an important clue about the mechanism of LLA in acute pulmonary embolism.
In summary, LLA on thin-section CT scans was induced by an acute proximal pulmonary artery obstruction in pigs. The reflex constriction of the small airways, resulting in the air trapping, may play an important role in producing LLA that is supported by the disappearance of LLA on the full inspiration of the lung, the expansion of LLA after pulmonary arterial occlusion and already developed LLA were maintained even after restoration of pulmonary arterial flow.
